Recent studies indicate the resonance detector (RD) technique as an interesting approach for neutron spectroscopy in the electron volt energy region. This work summarizes the results of a series of experiments where RD consisting of YAlO 3 (YAP) scintillators were used to detect scattered neutrons with energy in the range 1 -200 eV. The response of YAP scintillators to radiative capture ␥ emission from a 238 U analyzer foil was characterized in a series of experiments performed on the VESUVIO spectrometer at the ISIS pulsed neutron source. In these experiments a biparametric data acquisition allowed the simultaneous measurements of both neutron time-of-flight and ␥ pulse height (energy) spectra. The analysis of the ␥ pulse height and neutron time of flight spectra permitted to identify and distinguish the signal and background components. These measurements showed that a significant improvement in the signal-to-background ratio can be achieved by setting a lower level discrimination on the pulse height at about 600 keV equivalent photon energy. Present results strongly indicate YAP scintillators as the ideal candidate for neutron scattering studies with epithermal neutrons at both very low ͑Ͻ5°͒ and intermediate scattering angles.
I. INTRODUCTION
The intense fluxes of epithermal neutrons available at spallation sources are ideal to investigate both single particle short-time dynamics (high wave vector, q, and energy, , transfers) and high energy excitations (low q and high transfers) in condensed matter systems. The former studies are nowadays routinely performed with the experimental technique known as deep inelastic neutron scattering (DINS). DINS allows one to measure the single particle momentum distribution and mean kinetic energy in molecular systems and quantum fluids and solids. 1, 2 The DINS kinematical regime is experimentally achieved employing both high energy ͑ Ͼ 1 eV͒ and wave vector ͑q Ͼ 20 Å −1 ͒ transfers where the scattering is well described within the impulse approximation (IA). 1 In the IA picture the scattering process is interpreted in terms of incoherent scattering off individual (self) scatterers of the sample, occurring within a time scale much shorter than the characteristic dynamical time response of the sample. On the other hand, high energy inelastic neutron scattering (HINS) performed at low wave vector ͑q Ͻ 10 Å −1 ͒ and high energy ͑ Ͼ 500 meV͒ transfers provides a way to experimentally investigate dispersion relations of high energy excitations in metals, semiconductors and insulators, high-lying molecular rotovibrational states, molecular electronic excitations, and electronic levels in solids. 3 An important prerequisite for the HINS technique is the need to detect neutrons with final energy in the range E n = 1 -100 eV (Ref. 4) in inverse geometry time-of-flight instruments such as VESUVIO operating at the ISIS pulsed neutron source. The standard detection techniques in use for DINS experiments employing either 3 He gas detectors or 6 Li glass scintillators as neutron counters become unpractical above, say E n = 10 eV due to the 1 / v dependence of the neutron absorption cross sections (v being the neutron velocity). 5, 6 For this reason, in the last years a different approach for the detection of neutrons with electron volt energies has been developed, namely, the resonance detector (RD) technique. 7 In the RD technique 7, 8 one considers an inverse geometry time-of-flight instrument set up in the configuration where a resonant foil, on the second flight path, selects the energy of the scattered neutrons via resonance absorption in specific isotopes, such as 238 U and 197 Au. The foil strongly absorbs neutrons within a narrow energy interval around nuclear resonances and a photon detector tags the arrival time of the absorbed neutron by detecting the prompt radiative capture ␥-ray cascade. The kinematics of the scattering event is eventually reconstructed through the time-of-flight technique. Early measurements with different types of RD a)
Author to whom correspondence should be addressed; electronic mail: marco.tardocchi@mib.infn.it setup have been performed to cover both the low ͑Ͻ50 keV͒ (Ref. 9) and high ͑Ͼ800 keV͒ (Ref. 5) photon energy range. These have indicated that the increase of background with final neutron energies is the main limitation to the detection of epithermal neutrons of energies above few electron volts. Previously to this work the best results were obtained with cadmium-zinc-telluride semiconductor detectors which allow room-temperature operation with good photon detection efficiency in the range 20-200 keV. These results indicated that even without any energy selection the signal-tobackground ratio exceeded the conventional 6 Li-glass detectors. 6 In this case selection of the photon energy further improved the signal-to-background ratio of the measurement but with a loss of signal intensity. 10 The performance of the VESUVIO instrument operating in the RD configuration is further discussed in the present paper with the use of a different photon detector, namely, a YAlO 3 (YAP) scintillator, hereafter named YAP.
YAP scintillators are normally employed for photon spectroscopy in different fields including Mössbauer spectroscopy, 11 x-ray imaging, 12 and medical applications. 13 In this work, this device combined with a natural uranium analyzer foil has been employed for epithermal neutron detection. This article describes the response of the YAP detector to the radiative capture ␥ emission from a natural uranium analyzer foil. The YAP performance has been characterized during DINS measurements from a reference polycrystalline Pb sample. Data where acquired with a biparametric data acquisition which allowed simultaneous measurements of neutron time-of-flight and ␥ pulse height (energy) spectra. 10 The analysis of the ␥ pulse height and neutron time-of-flight spectra permitted to identify the signal and background components. The improvement of the signal-to-background ratio that can be achieved by raising the pulse height threshold is quantified and discussed in Secs. IV and V. Two applications of the RD are finally presented in Sec. VI.
II. EXPERIMENT
The experiment has been performed on the VESUVIO inverse geometry neutron spectrometer 14 which operates at the ISIS spallation neutron source. On the VESUVIO beamline a water moderator at ambient temperature provides a white incident neutron beam. The incident neutron spectrum peaks at about 0.03 eV and has an inverse energy dependence ͑1/E n ͒ in the epithermal region. VESUVIO usually operates with the filter difference technique 15 where the detection of the scattered neutrons is performed by 6 Li glass scintillators located in both back-and forward-scattering positions.
14 In the present experiment the instrument was, instead, set up to operate in the resonance detector (RD) configuration. In this case, scattered neutrons were recorded by a suitable detection system consisting of a combination of an analyzer foil and a photon detector.
The detection system was located on the secondary flight path at a distance L 1 = 0.30± 0.01 m from the sample and a scattering angle 2 = 90°± 5°. A schematics of the experimental setup of the measurement is shown in Fig. 1 . The incident neutron beam ͑n͒ impinges on the sample, placed inside an aluminum vacuum chamber, located at a distance L 0 = 11.055 m (primary flight path) from the moderator. The neutron beam is partly transmitted ͑nЈ͒ toward the beam dump, placed five meters beyond the sample position, and partly scattered ͑n s ͒. In the present experiment the sample was a 1 mm thick Pb metallic slab ͑2.5ϫ 3.5 cm 2 ͒, supported by an aluminum frame. Scattered neutrons of specific energies are selected via resonance absorption in an analyzer foil. The latter was natural uranium ͑ 238 U͒ in the form of a metallic foil of 2.4ϫ 3.5 cm 2 area and 60 m thickness. The chosen thickness ensured both good neutron absorption efficiency and low self-absorption of the radiative capture ␥ rays. The foil was attached to a photon detector which recorded the prompt radiative capture ␥ rays emitted by the foil. The photon detector was a yttrium aluminum perovskite ͑YAlO 3 ͒ scintillator, YAP, doped with cerium. It was directly coupled to a photomultiplier tube and the analog signal sent to the data acquisition system for data recording.
YAP is a fast, mechanically and chemically resistant scintillator material, with mechanical properties enabling precise machining to many different shapes. The inorganic scintillator is nonhygroscopic, glasslike, with a high density ͑5.55 g / cm 3 ͒ but a low effective atomic number ͑Z =36͒. Main characteristics of this scintillation material are a good light yield ͑Ϸ18 000 photons/ MeV͒ and a short decay time ͑ =27 ns͒ at a wavelength of maximum emission of 350 nm. 16 The material is relatively stable over a wide temperature range. Its chemical composition is such that no neutron resonances are present in the energy range of interest ͑1 -200 eV͒. The YAP crystal used in this experiment was manufactured by Bicron (Saint Gobain London, UK) with a cylindrical shape (35 mm diameter by 6.4 mm thickness). In order to investigate the behavior of the scintillator in a neutron and ␥ enriched environment, the detector was set up to operate without any neutron or ␥ shielding. The crystal was glued to a standard 51 mm photomultiplier tube made by Electron Tubes Limited (Middlesex, UK) (type 9954) with a bialkali photocathode. The thickness of the crystal was somewhat arbitrary but represents a compromise between the need for good detection efficiency to the ␥ emission following neutron capture in the analyzer foil and low neutron scattering in the crystal. In Fig. 2 the total absorption probability curve for a 6.4 mm thick YAP crystal is plotted in the 10-1000 keV photon energy range. Below 100 keV photoelectric interaction is the dominant process for energy deposition in the crystal and guarantees 100% total absorption probability. The edge in the absorption efficiency located at 17 keV corresponds to the K ␣ edge of yttrium. Above about 200 keV compton interaction becomes the dominant mechanism for energy deposition in the crystal, providing a significant absorption probability (about 10% above 1 MeV).
In the RD technique the detection of scattered neutrons via a photon detector consists of two separate processes: (i) resonant neutron capture in the analyzer foil and (ii) detection of the prompt radiative capture ␥ rays. The first process selects the mean energy of the absorbed neutron and sets the neutron absorption efficiency. The second step provides the neutron counting and affects the signal-to-background ratio of the measurements. The intensity of the resonance cross section defines, for a given thickness of the analyzer foil, the neutron absorption efficiency while the resonance width contributes to the overall spectrometer energy resolution. 7 Thus important requirements for the choice of the best analyzer foil are well separated and intense resonance cross sections ( R , defined as the cross section at the peak) with intrinsic narrow widths [⌫ R , expressed as full width at half maximum (FWHM)]. 18 A systematic investigation 18 of a large variety of nuclear resonances has indicated that 238 U is the nuclide showing most intense ͑ R Ͼ 10 4 b͒ and narrow ͑⌫ R Ͻ 60 meV͒ neutron resonances in the energy range of interest for epithermal neutron spectroscopy, i.e., 1 -200 eV ( Table I ). The intrinsic resonance width is broadened, at a certain finite temperature, by the lattice thermal vibration of the nuclides in the analyser foil (Doppler broadening).
The ␥-ray emission following neutron absorption in 238 U consists of many lines spanning a wide spectrum, ranging from 11 keV up to 4.060 MeV which is the neutron binding energy in 238 U. Earlier measurements with cadmium zinc telluride (CZT) detectors 6, 10 have shown that there is also a significant prompt x-ray emission at the uranium characteristic lines (95, 98, and 112 keV). The expected energies and relative intensities of the radiative capture ␥ rays following thermal neutron absorption in 238 U are shown in Fig. 3 . 20 From this figure one can observe that most of the photon emission (about 80%) occurs at photon energies below 1 MeV.
As in a previous work with CZT photon detectors 10 a dedicated data acquisition system was specifically set up in order to acquire simultaneous measurements of both the neutron time-of-flight (TOF) and the ␥ pulse height (energy) spectra. This set up was achieved by modifying the standard VESUVIO data acquisition electronics (DAE), which normally records TOF spectra through an array of 6 Li detectors. The modified DAE was able to record simultaneously both the neutron TOF and photon pulse height values for each photon event (hereafter named biparametric acquisition). The main elements of the signal processing and biparametric acquisition are briefly described below. The negative analog signal from the photomultiplier tube was first integrated with a 270 ns integration time and thereafter inverted. The positive analog signal was then further amplified by a timing filter amplifier which was set with a gain of 40 and an integration time of 500 ns. The amplified signal was sent to a 13 bit analog-to-digital converter (ADC) of Nuclear Instrumentation Module (NIM) standard produced by FAST ComTec (Oberhaching, Germany). The ADC operated with a fixed conversion time of 500 ns and an internal lower level discriminator set to the minimum level (about 70 keV during data acquisition) compatible with acceptable dead time values. The digital output from the ADC was fed into the modified DAE resulting in a biparametric acquisition (TOF and energy). Due to the limited memory in the DAE, the number of channels was chosen to be 1627 for the TOF spectrum and 512 for the pulse height spectrum. A fixed energy bin was chosen for the pulse height spectrum while a variable time bin was used to cover the entire TOF region with adequate time resolution. The chosen time bins values where 0.25 s in the time region 30-260 s, 0.5 s in 260-500 s, 5 s in 500-1500 s and variable bins in 1500-20 000 s. These choices provided adequate energy and time resolution for the measurement.
III. INSTRUMENT CALIBRATIONS
The data presented in this article refers to a single run of 11 h, corresponding to an integrated proton beam current of 1936 A h. The collected biparametric data contains dual information. By introducing a selection window on the TOF axis and projecting the data along the ␥ energy axis one obtains the ␥ energy spectrum corresponding to the selected neutron TOF window. In a complementary way, the TOF spectrum corresponding to a selected ␥ energy window can be obtained. Two independent calibrations are therefore needed for each energy and time chain of the biparametric data acquisition system. The two distinct calibrations are described in Secs. III A and III B.
A. Energy calibration
Absolute calibration of the pulse height values recorded by the biparametric acquisition was performed with a 57 Co source. The source provided two ␥ lines of energies 122 and 136 keV. The pulse height spectrum was obtained integrating the biparametric spectrum over the entire time axis and projecting the data along the energy axis [ Fig. 4(a) ]. The main peak, located at about channel (chn.) 60, corresponds to the full-energy deposition peak. This receives the contribution of both the 122 keV (relative intensity, I Ϸ 90%) and 136 keV ͑I Ϸ 10% ͒ ␥ lines of the 57 Co source. The modest energy resolution of the detector, about 22 keV (FWHM) at 122 keV, prevents separating the two lines. The compton shoulder is visible at about chn. 18, above the ADC lower level discriminator set at chn. 12. The structure around chn. 50 can be likely ascribed to characteristic x-ray escape peaks of Ce (K ␣1 = 34.7 keV, K ␣2 = 34.3 keV). Cerium ͑Z =58͒, which is present in the YAP scintillator as an activator, shows the highest energy x-ray levels among the Y ͑Z =39͒, Al ͑Z =13͒, and O ͑Z =8͒ atoms of the YAP crystal. The main full energy peak is used as one calibration point for the pulse height axis of the biparametric acquisition. A second calibration energy point is provided by the lead biparametric measurement as described below.
Lead is used as a calibrating sample in DINS measurements because of its well-known scattering function. The ␥ pulse height spectrum, obtained integrating the Pb sample biparametric data in the TOF region 400-800 s, is shown in Fig. 4(b) . The selected TOF region corresponds to incident neutron energies in the range 1 -4 eV. The broad peak around chn. 280 can be ascribed to the full energy absorption of ␥ rays of energy 477.8 keV, which are produced via the reaction 10 B͑n , ␣͒ 7 Li and the following decay of 7 Li nuclide to the ground state. Boron is used in the walls of the experimental hall and in the beam dump to absorb thermal neutrons. We note that, due to the low absorption probability of the YAP detector at such energies the majority of 477.8 keV ␥ rays deposit their energy via compton scattering. The compton edge of the 10 B photopeak is located at 311 keV and shows up with its characteristic shoulder.
The two full energy peaks provided by the pulse height measurements of the 57 Co source [ Fig. 4(a) ], and of the 10 B neutron capture [ Fig. 4(b) ], respectively, have been used to assign a linear energy scale to the ␥ energy axis of the biparametric data acquisition system. The result of the calibration provides an offset of about 10 keV and a slope of 1.8 keV/ chn. The 10 B background peak at 477.8 keV also provides an absolute pulse height reference during the Pb measurement which has been used to monitor the stability of the gain of the photomultiplier tube and the drifts of the electronics. By analyzing pulse height spectra at different TOF intervals one can check for possible shifts of the 477.8 keV peak. This was done by comparing pulse height spectra obtained integrating TOF values in 50 s consecutive intervals. The result indicates that the 10 B peak shifts upward by about 4% over the whole TOF region. This shift Co source is obtained integrating the biparametric data at all times and projecting the data along the energy axis. The pulse height spectrum from the Pb sample measurement is obtained by projecting the biparametric data along the energy axis in the time interval 400-800 s.
can be attributed to an increase of the photomultiplier tube gain. The gain value is higher at the short TOF values when the YAP records the highest count rate, and decreases until it reaches its minimum (steady state) value at about 1000 s. The size of the effect, which is a well-known behavior of photomultiplier tubes subject to rapidly varying count rate conditions, 21 is at an acceptable level for the purpose of this work.
B. Time calibration
The measured neutron TOF values represent the difference between the multiple stops and the start signals of the neutrons provided by the ␥ detector and spallation source, respectively. Although in the RD technique the stop signal is given by the detection of the radiative capture ␥, the time of the arrival of the ␥ can be assumed to be equal to the time of the absorption of the neutron in the analyzer foil. The timeof-flight value t res of a neutron scattered from the Pb sample with final velocity v res can thus be accurately calculated using the equation
here t 0 is a fixed time delay provided by the ISIS spallation source, L 0 and L 1 are the primary and secondary flight paths, respectively, and v 0 the initial neutron velocity. A value of L 0 = 11.055± 0.021 m on VESUVIO was provided by previous calibration measurements. 15 The final and initial neutron velocities are related by the kinematics of the scattering reaction, which in the case of free recoil can be written as A general description of the calibration procedure in the standard configuration can be found in Ref. 15 . In this experiment we have determined from direct measurements the values of L 1 = 30± 2 cm and 2 = 90± 2°, and estimated the best value of t 0 with the time calibration procedure described below. From the biparametric data the TOF spectrum corresponding to a selected ␥ energy window can be found by projecting the data along the TOF axis. This is shown in 
IV. DATA ANALYSIS
The collected biparametric data contains the dual information on the neutron TOF and ␥ pulse height spectra. The data analysis aims to characterize the YAP response by identifying the main signal and background components associated to the absorption of resonant and non-resonant neutrons in the analyzer foil. This is done through the analysis of the ␥ pulse height spectra corresponding to different neutron TOF intervals. Subsequently a lower level discrimination (LLD) in the ␥ energy is introduced in order to produce the corresponding TOF spectrum. The aim here is to investigate the change in the signal-to-background ratio of the TOF measurement as well as in the signal counting statistics.
The TOF spectrum from the Pb polycrystalline sample generated with a LLD value of 600 keV is shown in a loglog plot in overall background with a characteristic power law curve. Two distinct time regions can be identified: (i) t Ͻ 800 s where recoil from Pb atoms is detected via resonant absorption of epithermal neutrons ͑E n Ͼ 1 eV͒ by the analyzer foil; (ii) t Ͼ 800 s corresponding to the arrival times of lower energy neutrons ͑E n Ͻ 1 eV͒. The horizontal dashed line in Fig. 6 indicates the constant background level registered by the YAP, which is due to the analyzer foil radioactivity. The signal in the TOF spectrum is represented by Pb recoil peaks registered via resonance absorption in the 238 U analyzer foil at different final neutron energies. Seven peaks corresponding to neutron resonances going from 6.67 up to 189.7 eV can be distinguished from the background (Fig. 5) . The resonance at 80.7 eV is not distinguishable in the plot due to the small value of the cross section. The intensity of each Pb recoil peak in the time channel of width ⌬t centered at the time of flight t is proportional to the quantity
where I͑E 0 ͒dE 0 / dt is incident neutrons flux (measured in s −2 cm −2 ), d 2 / dE 1 d⍀ the Pb double differential scattering cross section, ⌬⍀ the solid angle viewed from the analyzer foil, E 1 and ⌬E 1 the mean energy and width of the resonance cross section, respectively, and ͑E 1 ͒ the overall detection efficiency. For a RD ͑E 1 ͒ is, at a first approximation, given by the product of the probability for a neutron of energy E 1 to be absorbed in the analyzer foil, ͑1−e −N· R eff ·d ͒, times the detection efficiency of the radiative prompt ␥ emission, ͑E ␥ ͒. Here N is the analyzer foil atomic density, R eff the effective absorption cross section at the peak, i.e., the R values of Table I corrected for the Doppler effect at room temperature 23 and d the thickness of the foil. The line shape of each recoil peak is due to the Pb compton profile convoluted with the instrument energy resolution. 6 For a detail description of the Pb scattering function at room temperature we refer to Ref. 15 . The energy resolution is dominated by the analyzer foil whose main contributions are the intrinsic resonance cross section width, the Doppler broadening caused by the thermal lattice motion and the thickness of the foil. The shrinking of the resonance peaks as one moves toward low times-of-flight is mainly caused by the nonlinear kinematic relationship between neutron time-of-flight and neutron energy. This set the requirements on the DAE time resolution in order to perform a line shape analysis of the higher energy resonances. The present lower limit of 250 ns on the bin width of the DAE will be superseded by the planned DAE which will accept bin width as low as 100 ns.
The background under the recoil peak can be divided into an environmental component, consisting of x-rays and ␥-rays with a time structure related to the neutron beam, and a constant radioactivity component, which has a flat time spectrum as shown in Fig. 6 by the asymptotic behavior of the TOF spectrum at long times. The environmental ␥ background is generated by neutrons absorbed in the various materials present in the experimental hall, e.g., in the beam dump. A significant contribution to the ␥ background is also represented by neutrons which scatter several times in the experimental hall before being absorbed in the 238 U analyzer foil. Finally, a fraction of ␥ rays is also known to come directly from the cell and sample itself whenever they contain isotopes with a high absorbing radiative neutron cross section. This sample dependent background in the case of Pb in an Al cell is a small fraction of the total background; it can represent a significant fraction for samples containing hydrogen isotopes. 24 The radioactivity of the analyzer foil was separately measured with a high resolution coaxial germanium detector which was set to cover the energy range up to 2 MeV. 25 The germanium crystal provided a 20% efficiency at 1.33 MeV with an energy resolution of 1.6 keV (FWHM). The pulse height measurement (Fig. 7) showed that a series of ␥ lines are present which can be ascribed to the radioactive decay chains of 238 U and 235 U isotopes of the analyser foil. Among the many peaks of Fig. 7 one can identify the line at 185.7 keV as a ␥ decay line of 235 U and the line at 92 keV as x-ray emission from thorium isotopes; the latter are produced from the decay chains of the two uranium isotopes.
The YAP background and signal features identified in the TOF spectrum can be studied by analyzing the ␥ pulse height spectra associated to different time regions. Shown in Fig. 8 is the spectrum for the time regionϾ 10 000 s. The spectrum is dominated by the radioactivity of the uranium analy- The two spectra in each panel correspond to the resonance (continuous line) and off-resonance (dashed line) energy spectra. Each pair of ␥ energy spectra was produced by selecting narrow time windows around each neutron resonance in the TOF spectrum of Fig. 5 and broad windows in the off-resonance regions, and by projecting the biparametric data along the energy axis. For instance, the pair of energy spectra of Fig. 9(a) were generated by selecting a 4 s wide time window centered around t = 309.5 s, i.e., the 6.671 eV resonance, and the region 272-299 s, i.e., an off-resonance interval. In each panel the two spectra have been normalized to the height of the 10 B peak, which provides a convenient normalization point. For E ␥ Ͻ 400 keV the spectra show essentially the same features. Earlier measurements performed with CZT detectors in the energy range 20-200 keV (Ref. 10) indicated that small differences exist between the resonance and off-resonance spectra but they cannot be distinguished by the YAP detector due to its poor energy resolution. The structure at 478 keV has been previously identified as photons produced neutron absorption in 10 B. Above 500 keV the on-resonance spectrum is systematically higher (about a factor two) than the off-resonance spectrum. These events are due to the Compton interactions of the radiative capture ␥ rays of high energy (above 700 keV). The higher on-resonance spectrum level represents a clear signal signature which suggests that an improvement of the signal to background ratio of the TOF measurement can be obtained by increasing the ␥ energy discrimination. This occurs at the cost of a reduced counting statistics. In order to investigate the best tradeoff between high signal-tobackground ratio and high counting statistics, a figure of merit ͑F͒ can be defined. Here F is defined as the reciprocal of the relative statistical error on the number of signal counts ͑S͒ under the recoil peak, i.e.,
.
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Indicating with B the number of background counts under the peak, one can express the total number of counts as = S + B and the signal-to-background ratio as q = S / B. F can thus be expressed merely as a function of the variables and q as follows. The relative statistical error on the number of signal counts under the recoil peak is
Assuming a normal distribution for S and B we have that 2 = and B 2 = B and Eq. (5) can be thus rewritten as
From the definition of and q it is trivial to see that B can be expressed as
Now using Eq. (6) and Eq. (7) F can be expressed as
͑8͒
The and q values of the recoil peaks in the TOF spectrum can be calculated and are used to determine F via Eq. (8) .
Such data analysis procedure has been repeated for TOF spectra generated with different LLD values to obtain the three curves (i) q versus LLD, (ii) versus LLD, and (iii) F versus LLD. These curves are shown in Figs. 10-12 for the neutron resonances up to 36.68 eV and for 16 different LLD values ranging from 80 to 900 keV.
V. DISCUSSION
The YAP response to the signal and background sources has been characterized with the pulse height spectra associated to different time regions (Fig. 9) . A comparison of the normalized pulse height spectra associated to resonance and off-resonance (background) regions seems to suggest that below 400 keV the background is dominant over the signal and that the background and signal have similar spectral features. The signal is given by the prompt radiative capture ␥ rays and x rays of the uranium analyser foil. The x-ray photons deposit their full energy in the detector while the majority of the radiative capture ␥ rays, due to the intrinsic low photopeak efficiency of the YAP crystal at energies above 300 keV, interact in the YAP crystal predominantly via Compton scattering. This results in signal events with a rather flat pulse height distribution which covers a broad energy range [ Figs. 9(a)-9(c) ]. The off-resonance spectra receive the contribution from several background components which are induced by the environmental background, time related to the neutron beam, and by the radioactivity of the analyzer foil. The former is made of x-ray emission induced by absorption of nonresonant neutrons in 238 U, 10 10 B radiative capture photons and other unidentified ␥ sources. The x-ray emission component is the most intense one and, being present also for resonant neutron absorption, cannot be distinguished from the signal. 10 The same happens for 10 B radiative capture photons ͑E ␥ = 478 keV͒ which contribute to the pulse height spectra of Fig. 9 below the compton edge ͑E ␥ = 311 keV͒ and with the photopeak centered at 478 keV.
The second contribution to the background is represented by the radioactivity of the U analyzer foil and has therefore a flat time structure. Its pulse height spectrum (Fig. 7) measured with a Ge detector of high intrinsic photopeak efficiency (Ͼ50% at 500 keV) shows that the majority (about 70%) of the registered events are below 400 keV. The pulse height spectrum of YAP at long time of flights (Fig. 8) is indeed dominated by the analyzer foil radioactivity and has indicated that about 65% of the registered events are below 400 keV. Energy discrimination of the detected photons is an effective way to reduce the interference of the different background components. Shielding is also another possibility to reduce the background, except for the unavoidable uranium radioactivity, but is not practical due to space limitations; the effects of the shielding on scattered neutrons should also be considered. The potentiality of energy discrimination is discussed below.
Increasing the LLD threshold on the ␥ pulse height permits us to discriminate the background at the price of losing some signal fraction. This has been quantified in improvement can be attributed to the reduction of the background events induced by both uranium radioactivity and boron compton events. The central region 400-600 keV is characterized by a steep rise in S / B (about a factor 2), primarily due to the discrimination of the 10 B photo-peak located at 478 keV. Above 600 keV there is little improvement in S / B and the curves seem to reach a plateau. In such an energy region all 10 B background events and the majority of the uranium radioactivity have been discriminated, which makes the reduction that can be achieved in ␥ background proportional to the reduction in the signal, as evident in the pulse height spectra of Fig. 9 . Employing ␥ energy discrimination there is, together with an improvement in S / B, a loss in counting statistics. This can be noticed from the plots of Figs. 10(b)-12(b) where the total numbers of counts under the recoil peaks show a rapid exponential decrease. The resulting statistical uncertainty in the signal as a function of LLD has been evaluated introducing the figure of merit F. The resonance at 6.67 eV shows the best figure of merit, with a rather flat distribution around the average value of F = 80 up to 500 keV [ Fig. 10(c) ]. Such value translates from the definition of F [Eq. (4)] into about a 1% statistical error in the signal counts under the 6.67 eV recoil peak. Increasing the LLD setting from 80 up to 500 keV has a little effect on F since the improvement in S / B is compensated from the decrease in counting statistics . The situation is partly different for the resonance at 20.86 and 36.68 eV, which are both characterized by a somewhat more peaked distribution of F, as shown in Figs. 11(c) and 12(c) , respectively. The two plots seem to suggest that the optimum LLD setting is around 400-600 keV. In general the figure of merit for the three studied resonances indicates that the highest values of F are reached for a quite broad range of LLD values. This means that the LLD setting is not critical and that the gain variation of the photomultiplier-tube, discussed in Sec. III A is indeed not affecting the measurement.
We observe that the curves found for q, , and F are strictly valid only for one specific combination of sample (Pb) and detector position. The detector angular position is less important in this case since Pb is an almost isotropic scatterer. A fraction of the ␥ background is sample dependent which means that S / B might change with different samples. The detector position plays also a role since by increasing the detector to sample distance ͑d͒ the signal and the sampledependent background fraction drop as 1 / d 2 while the uranium radioactivity background remains constant, which results in a reduction of S / B. The present discussion should therefore be considered as a qualitative indication of the performance of a YAP based detection system.
The above results indicate that for the higher energy resonances the optimum setting of the LLD is in the range 400-600 keV. This would not seem ideal from a ␥ detection point of view since the YAP detector thickness is optimized for detecting photons below 200 keV. However other considerations need to be taken into account for the selection of the optimum crystal thickness. If, on one hand, a thicker crystal would provide higher ␥ detection efficiency, on the other hand, it would also mean higher sensitivity to the ␥ background. Moreover, neutron backscattering in the YAP crystal itself is a potential background source. Neutrons of slightly higher energy than the resonance energy are transmitted through the foil and can degrade their energy via backscattering in the YAP crystal toward the analyzer foil itself. Here they can be absorbed by the resonance thus creating an additional peak in the time-of-flight spectrum. The backscattering peak is too close to the main peak to be resolved and it would represent an undesired distortion of the peak shape. We remind here that the physics information that can be extracted from DINS measurement lies primarily in the shape of the recoil peak. Simulations will be carried on in order to investigate neutron backscattering and to confirm that the chosen YAP crystal thickness is indeed a good compromise between ␥ detection efficiency and neutron backscattering. In principle a substantial improvement could occur by replacing the YAP scintillator with a higher Z (higher ␥ efficiency) and lower neutron scattering cross section material.
VI. RD PROSPECTS AND APPLICATIONS
This work describes a series of scattering experiments performed on the VESUVIO neutron spectrometer setup in the RD configuration. The prospects of the RD to be a suit- able configuration for neutron spectroscopy in the electron volt energy range are primarily based on the ability of the detector system to detect neutrons of final energies of tens of eV with good signal to background discrimination. The measurements performed with a single YAP scintillator and a natural uranium analyzer foil allowed us to detect scattered neutrons with final neutron energies up to 200 eV.
The response of a YAP scintillator to radiative capture ␥ emission from a uranium analyzer foil was characterized with a biparametric data acquisition, which consisted of a simultaneous measurement of the neutron time of flight and ␥ pulse height spectra. The analysis of the ␥ pulse height spectra associated with resonant and non-resonant neutron absorption has allowed us to identify the different signal and background components. The signal is predominantly made up of compton events induced by radiative capture ␥ rays which are not fully stopped in the detector. These signal events are superimposed on a background whose main sources have been identified as (i) x rays induced by absorption of nonresonant neutron in 238 U, (ii) 10 B radiative capture photons, and (iii) radioactivity of the U analyzer foil. The components (i) and (ii) are time related to the neutron beam while the component (iii) gives a flat contribution at all times. The quality of the TOF measurements depends on the relative intensity of the signal recoil peaks to the background, i.e., the signal to background ratio S / B. It has been shown that energy discrimination is an effective method to reduce the background interference. A significant improvement in S / B has been achieved by using a lower level discrimination (LLD) of the ␥ energies at about 600 keV. A study, based on a figure of merit ͑F͒, of the achievable statistical uncertainty in the signal recoil peaks has shown that the best results are reached for a quite broad range of LLD values.
Two applications of the RD are discussed here. The first one is to access the region of high wave vector transfers ͑q Ͼ 100 Å −1 ͒ coupled to high energy transfers ͑ Ͼ 1 eV͒ in order to perform a deep inelastic neutron scattering (DINS) experiment. An example of a DINS experiment is represented by the measurement of a H 2 O sample at a scattering angle of about 30°. 24 Neutrons scattered from the H 2 O sample were measured with a single YAP detector viewing a 30 m thick 238 U analyzer. In order to achieve a high counting statistics over a short time the LLD was set to a low photon energy value ͑50 keV͒ at the price of increased background sensitivity. A typical time of flight spectrum recorded by YAP is shown in Fig. 13 for the case of H 2 O sample at T = 300 K and p = 1 bar in an Al container. The peaks can be ascribed to scattering from the H and the Al atoms; they are separated because of their mass difference. We note that H and Al recoil peaks can be distinguished from the background up to final neutron energies of 66.0 eV. Final aim of the data analysis is the determination of the H mean kinetic energy. Data analysis has shown that the experimental response function and H mean kinetic energy are in agreement with previous experiments on this sample. 24 A second application of the RD is the construction of the very low angle detector (VLAD) bank of the VESUVIO spectrometer which will cover the 1°-5°angular range at a distance of about 2 m from the scattering sample. VLAD will extend the kinematical region for neutron scattering to low wave vector transfer ͑Ͻ10 Å −1 ͒ while keeping energy transfer Ͼ1 eV. Accessing such kinematical region will allow experimental studies in condensed matter systems. The first step of the upgrade was the installation of a vacuum tank, specifically designed in order not to intercept neutrons scattered at very low angles. A detector bank prototype was built consisting of four RD detectors, each one made of two YAP crystals of trapezoidal shape enclosed in an aluminum case which acts as a light guide. A 25 m 238 U analyzer foil was attached to each RD unit. Measurements were taken from an ice sample at 270 K at scattering angles varying between 2°and 5°. The four VLAD detectors covered the energy transfer range of 0.2-20 eV and the wave vector transfer range of 3 -10 Å −1 . A preliminary analysis of the resonance at 6.67 eV has indicated that one can derive quantitative values for the dynamical structure factor S͑q , ͒ and the density of states g͑͒, of hydrogen in the sample using the same method for data analysis of previous experiments performed on a different spectrometer. 26 These measurements are the first of this kind on an inverse geometry instrument.
The present results indicate YAP scintillator as the ideal RD candidate for studies of microscopic dynamics of matter via epithermal neutron scattering. YAP scintillators appear as most suitable RD for inelastic neutron scattering at both intermediate and very low scattering angles. Further development can be done to improve the detection efficiency and the neutron energy resolution. Other issues being addressed in the near future are cross talk between nearby detectors and multiple neutron scattering. These are relevant issues in view of the planned construction of a position sensitive RD array.
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